Type I (insulin-dependent) diabetes mellitus is a heterogeneous disease with major subdivisions termed Type 1A (immune-mediated) and Type 1B. Immunemediated diabetes is also heterogeneous with ªmono-genicº, oligogenic, and polygenic forms present in humans and in animal models. Single-gene mutations of two transcription factors have been recently identified in rare syndromes of autoimmunity with type 1A diabetes: autoimmune polyendocrine syndrome type 1 (APS-1) and X-linked polyendocrinopathy, immune dysfunction and diarrhoea (XPID). For more common forms of diabetes, susceptibility loci within the major histocompatibility complex and at the insulin locus have been identified. Both DQ* and DR* alleles provide susceptibility and certain alleles dominant protection. In the Diabetes Autoimmunity Study of the Young approximately 50 % of the siblings studied with the highest-risk HLA genotype develop anti-islet autoantibodies by age 3. Insulin could be a crucial autoantigen related to genetic susceptibility. The crystal structure of the high-risk allele, HLA-DQ8, complexed with an insulin peptide has just been reported. Insulin production by macrophage-dendritic cells within the thymus and lymphoid organs could underlie insulin gene polymorphisms influencing the risk of diabetes. Genome-wide scans for linkage in animal models and in humans have not conclusively identified other susceptibility genes though many loci have been implicated. We favour the hypothesis that HLA is a major determinant of susceptibility in animal models and in most families, and that the search for diabetogenes should concentrate on unique families to decrease heterogeneity and favour the eventual discovery of genes influencing risk. [Diabetologia (2002) 45:605±622] 
Introduction
Type 1A (insulin-dependent) diabetes mellitus is a relatively common autoimmune disorder with as many as 1 out of 300 children affected. Of new cases of Type 1A diabetes 85 % are sporadic, occurring in individuals without a first-degree relative with the disease. However, first-degree relatives of patients with type 1A diabetes are at increased risk of developing diabetes, compared to the general population, suggesting that genetic factors are important in the aetiology of type 1A diabetes. The risk of type 1A diabetes in the general population is 0.4 % and the risk for siblings of affected individuals is approximately 6 %. The familial clustering (lambda-s), which is defined as the ratio of the risk for siblings divided by the prevalence in the general population [1, 2] is approximately 15 for type 1A diabetes. The offspring of a mother with type 1A diabetes has a 1.3 to 4 % risk of developing type 1A diabetes. The risk for the offspring of a father with type 1A diabetes is approximately 6 to 9 % [3, 4, 5] .
In populations with a high-incidence of type 1A diabetes there is a bias in male incidence, which seems to be restricted to patients who bear HLA DR3-X, with X being ªnon-DR4º [6] . A recent Belgian study however, found that this male bias is age-dependent, is not present in diagnosed patients younger than 15 years of age, and is independent of the presence of anti-islet autoantibodies or HLA type, suggesting that insulin resistance can play a role. [7] .
Twin studies are an important tool in defining the role of genetic and environmental factors in the aetiology of disease [8, 9, 10] . Monozygotic (identical) twins share all the genes coded in the germ line (i. e. inherited) while dizygotic (fraternal) twins share on average half of their genes, as do siblings. Differences between monozygotic twins can be due to environmental factors, to genetic factors not coded in the germ line (e. g. somatic mutations), to genes that undergo random rearrangement such as immunoglobulin and T-cell receptor genes, and to ªrandomº monoallelic expression of genes (e. g. cytokine genes). A higher concordance rate (with both twins affected) in monozygotic than dizygotic twins suggests a primary genetic component to the aetiology of disease. Reported concordance rates for type 1A diabetes among dizygotic twins range between 0 % [11] and 13 % [12, 13, 14] and among monozygotic twins between 21 % and 70 %. [15, 11, 16, 14] . The prevalence of anti-islet autoantibodies in non-diabetic monozygotic twins of patients with type 1A diabetes ranges between 42 % and 76 % [15, 11, 17] . The presence of islet autoantibodies in a monozygotic twin of a patient with type 1A diabetes is usually followed by progression to diabetes [15, 11] .
We analysed anti-islet autoantibody expression in non-diabetic monozygotic twins, dizygotic twins, and siblings of patients with type 1A diabetes [14] . Consistent with other studies [18, 19] , monozygotic twins had a much higher risk of progressing to diabetes and expressing autoantibodies than the dizygotic twins. There was a higher penetrance of anti-islet autoimmunity in monozygotic twins who were heterozygous for the two high-risk HLA haplotypes DQ2 and DQ8. In a combined series of 187 monozygotic twins from Britain and the United States [20], we could also confirm that diabetes risk was higher in twins who were heterozygous for DR3-DQ2 and DR4-DQ8 than in twins with neither DR3-DQ2 nor DR4-DQ8. In this combined series, the hazard rate of progression to diabetes was higher within 10 years from diagnosis in the index twin [21] . However, 23 % of the twins who became diabetic did so after more than 15 years of discordance as shown in our previous studies [15] . In addition we observed a higher progression rate to diabetes for twins whose index twin developed diabetes at a younger age (Fig. 1) . Progression to diabetes was estimated to be 38 % (SEM = 5.3 %) by 30 years of discordance for the twins of index cases who were diagnosed with diabetes at a younger age than 25, compared to 6 % (SEM = 4.1 %) for the co-twins of index twins diagnosed at 25 years of age or older. Twins of patients who were diagnosed at age 9 or younger have an estimated 50 % risk of developing type 1A diabetes within 6 years.
There are also a relatively large number of spontaneous animal models of type 1A diabetes suggesting that islets are particularly susceptible to immunemediated destruction. Oligogenic animal models of type 1A diabetes include the BB rat and the Tokushima rat, both of which have the same major histocompatibility (MHC) set of alleles, termed RT1-U [22, 23, 24] . RT1-U, alleles and in particular class II alleles, are important susceptibility factors, with homozygosity for the U haplotype conferring the greatest sus- Fig. 1 . Development of Type 1A diabetes in initially discordant monozygotic twins of patients subdivided by the age of diabetes onset in the proband twin ceptibility. Of note, many rat strains with RT1-U can be induced to develop insulitis or diabetes simply by activating the immune system using poly-IC (polyinosinic, polycytidylic acid) [25] . Poly-IC activates the innate immune system through toll receptors generating interferon-a and is thought to be a mimic of viral RNA. It is likely that Kilham rat virus infection acts in a similar manner to induce diabetes in the BB rat strain (BB-DP) that lacks the lymphopenia gene [26] .
More than 40 years ago investigators produced severe insulitis (and occasionally diabetes) in rabbits immunised with insulin or in cows immunised with bovine insulin. We have recently been able to produce anti-insulin autoantibodies in normal Balb/c mice immunising with an immunodominant peptide of insulin (peptide B:9±23) and with B:9±23 in combination with poly-IC insulitis (Fig. 2) [27]. Disease induction again was critically dependent upon specific MHC alleles, in this case I-Ad or the related I-Ag7 of the NOD spontaneous mouse model of diabetes. Thus given the ªrightº (wrong) MHC alleles it seems that susceptibility to anti-islet autoimmunity is common.
For most ªcomplexº genetic disorders discovery of a locus with an influence as strong as the HLA locus would be a major finding. The HLA locus accounts for approximately half of the familial aggregation of type 1A diabetes. Approximately two percent of newborns in Colorado have the HLA DQ* genotype DQ2-DQ8 (DQA1*0501, DQB1*0201;DQA1*0301, DQB1*0302) and comprise almost 50 % of children developing diabetes before age 5. Given such a major locus the discovery of additional loci is likely to be difficult, especially if there are several or many additional loci. The most dramatic recent advances in our understanding of the genetics of type 1A diabetes relates to the discovery of rare specific mutations leading to autoimmunity with associated diabetes.
IDDM1: HLA
Type 1A diabetes without associated autoimmunity MHC genes explain approximately 50 % of the familial aggregation of type 1A diabetes. Nerup and coworkers initially reported the association between HLA alleles and type 1A diabetes more than 20 years ago [28] . The association between polyglandular failure syndrome type 2, which includes type 1A diabetes, and HLA (Fig. 3) , specifically HLA-B8, was also recognized long ago [29] . The class II HLA alleles DR4 and DR3 are strongly associated with type 1A diabetes. Part of this association is probably secondary to linkage disequilibrium (non-random association of alleles on the same haplotype) between DR* and DQ* [30, 31] . DQA1*0301-DQB1*0302 (also called DQ8) with HLA DRB1*0401, *0402 or *0405 alleles and HLA DRB1*0301-DQA1*0501-DQB1*0201 (also called DQ2) are the haplotypes associated with the highest risk for diabetes. Ninety percent of individuals with type 1A diabetes have at least one of these two high-risk HLA haplotypes compared to 20 % of the general population. Approximately 35 % of patients in the United States with type 1A diabetes are ªDR3-DR4º heterozygous compared with only 2.4 % of the general population. The risk of developing anti-islet autoantibodies is also increased among first-degree relatives of patients with diabetes with the HLA-DR4-DQ8 haplotype [32, 33] .
Approximately, 50 % of the children who develop type 1A diabetes at an age younger than 5 years have both high-risk haplotypes, DR3-DQ2 and DR4-DQ8 (M. Rewers, personal communication). Overall siblings of a patient with type 1A diabetes have a risk of diabetes of approximately 6 %. However, for siblings who inherited the same HLA haplotypes as a sibling with type 1A diabetes, the estimated risk increases to 20%. In the Diabetes Autoimmunity Study of the Young (DAISY) approximately one half of siblings with the genotype DR3±4, DQ2±8 develop anti-islet autoantibodies by age 3 and are at a high risk of diabetes. Offspring with the same genotype have a risk of 25 %.
The risk conferred by the DQ8 molecule is modified by the DRB1 allele present on the same haplotype. The DRB1*0402, *0401 and *0405 alleles are associated with high susceptibility, the DRB1*0404 with moderate susceptibility, and DRB1*0403 with ªprotectionº against type 1A diabetes [30]. DRB1*0401 is the strongest susceptibility allele in most Caucasian populations, whereas DRB1*0402 and *0405 seem to be more important in Mediterranean populations and Israeli populations [34] . A Yemenite Jewish population apparently had almost no development of type 1A diabetes in Yemen but now has one of the highest risks in the world, with essentially all patients having the genotype DR3±4, DQ2±8 [34] .
The DQA1*0301 allele frequently found on DR4 haplotypes, as well as *0101, *0102, *0103 and *020 (lineage 1±3 DQA1 alleles) are associated with high concentrations of insulin autoantibodies [35] .
Some HLA alleles confer protection from diabetes (Table 1) [33, 36] .
The best-known protective allele is DQB1*0602, usually found on ªDR2º (DRB1*1501-DQA1*0102-DQB1*0602) haplotypes. Approximately 20 % of North Americans and Europeans have DQA1*0102-DQB1*0602 while less than 1 % of children with type 1A diabetes carries these alleles. The protection conferred by the DQA1*0102-DQB1*0602 haplotype seems to be dominant since it is protective even in the presence of a high-risk haplotype in the same individual [33] . The protective effect of the DQB1*0602 allele is likely to occur both before and after the autoimmune destruction of the pancreas is in progress. Among first-degree relatives of patients with diabetes, the allele DQB1*0602 is present in approximately 7 % of islet cytoplasmic autoantibody (ICA)-positive relatives. The frequency of the DQB1*0602 allele was similar among 72 ICA-positive first-degree relatives and 126 first-degree relatives who were autoantibody-negative. However, progression to diabetes is rare in relatives who are positive for this allele, especially for those expressing only a single anti-islet autoantibody [33] . First-degree relatives with positive ICA and the DQB1*0602 allele had a more limited response to islet antigens, often directed to GAD, compared to ICA-positive, 0602-negative first-degree relatives [37, 38] . In a further study, a restricted pattern of ICA staining and high titres of GAD65 autoantibodies was found in autoantibody-positive 0602-positive patients who did not develop diabetes [39] . Among individuals identified through the Diabetes Prevention Trial (DPT), 0602-positive individuals were less likely to have positive insulin autoantibodies or a ªlowº first phase of insulin release (FPIR) compared to relatives without DQB1*0602. Although 29 % of the ICA-positive 0602-positive relatives did have insulin autoantibodies or ªlowº FPIR [40] , approximately 15 % of ICA negative relatives were IAA positive based on the polyethylene-glycol based assay used in the study, and low FPIR for adults was defined as less than the 10th percentile.
The presence of DQB1*0602 also protects from diabetes patients with stiff-man syndrome, who are otherwise at increased risk for type 1A diabetes. Of note, this syndrome is associated with extremely high values of GAD autoantibodies [41] . Four patients with type 1A diabetes who were initially found to have the conventional DQB1*0602 with standard sequence-specific oligonucleotide (SSO) typing techniques were reported to actually have novel variants of this allele as determined by sequencing [42] . This finding would suggest that the conventional DQA1*0102-DQB1*0602 haplotype is never found in patients with type 1A diabetes and that this haplotype confers absolute protection from the disease. We have however, documented eight non-diabetic ICA-positive first degree relatives and six patients with type 1A diabetes who carry the DQA1*0102-DQB1*0602 haplotype by standard SSO technique typing and the conventional second exon of DQB1*0602 and DQA1*0102 alleles by direct sequencing [43] . Therefore, type 1A diabetes can develop in individuals carrying the DQB1*0602 allele, and the protective effect associated with this allele is not absolute. The protective effect of DQB1*0602 could differ among ethnic groups. African-American ICApositive relatives were more likely to carry the DQA1*0102-DQB1*0602 haplotype than other ethnic groups. Hispanic ICA-positive relatives with DQB1*0602 were more likely to have positive insulin autoantibodies or to have low FPIR than other racial groups [40] .
Protection from diabetes conferred by the DR2-DRB1*1501-DQA1*0102-DQB1*0602 haplo- . This finding further supports the hypothesis that the protection associated with the DQA1*0102-DQB1*0602 haplotype is an effect of the DQ* alleles rather than the DRB1*1501, which is in linkage disequilibrium with DQ* alleles. Of interest, the presence of serum heterophile antibodies (i. e. antibodies that can bind animal immunoglobulins and interfere with analyte quantification by immunoassay) was associated with the protective allele DQB1*0602 [46, 47] .
Uncommon HLA alleles can also have an effect on diabetes risk or protection. Transmission of DQ haplotypes from heterozygous parents to affected and unaffected offspring was analysed in 276 families from the Human Biological Data Interchange (HBDI) type 1A repository. Over 95 % of the HBDI families are multiplex families, ascertained as having two or more affected siblings. The transmission disequilibrium test (TDT) [48] was used to help distinguish between association due to linkage and spurious association due to population stratification. The rank order of transmission to affected offspring was DQA1*0301-DQB1*0302 (associated with the highest risk), DQA1*0501-DQB1*0201, DQA1*0401-DQB1*0402 and DQA1*0101-DQB1*0501. The DQ haplotype that was least often transmitted to affected offspring was the well-known protective haplotype DQA1*0102-DQB1*0602, followed by DQA1*0103-DQB1*0603 [49] . DQA1*0101-DQB1*0503 is a rare haplotype, present only in 1.6 % of haplotypes in North America [50] , that also confers protection from type 1A diabetes. Large study populations are needed to analyse the protection or risk associated with uncommon alleles. We used the transmission disequilibrium test analysis to analyse transmission of uncommon alleles from heterozygous parents to affected and unaffected offspring within families in the HBDI (1371 subjects) and NODIAB studies (2,441 subjects). The DQA1*0101-DQB1*0503 was transmitted from heterozygous parents to affected offspring only 2 out of 42 times. In an additional case-control analysis of 728 patients with type 1A diabetes and 110 healthy control subjects from the Barbara Davis Center, we could confirm a protective effect of this haplotype, in agreement with previous reports [51] . The only two affected offspring who inherited these DQ* alleles in our combined family study did not have the DRB1*1401 allele usually found on the same haplotype with DQB1*0503, while all non-affected children who inherited DQA1*0101-DQB1*0503 had DRB1*1401. Among the three patients with type 1A diabetes from the Barbara Davis Center who had DQB1*0503, only one had DRB1*1401.
It is not yet known whether the association between HLA alleles or haplotypes and protection or risk of diabetes is due to pleiotropic effects of specific alleles or haplotypes, or to linkage disequilibrium with a nearby sequence. In contrast, the reported association between polymorphisms in the heat-shock protein genes located within the MHC and type 1A diabetes is believed to be due to linkage disequilibrium of alleles on extended haplotypes associated with diabetes [52] . Similarly, tumour necrosis factor microsatellite haplotype associations with Type I diabetes and multiple sclerosis have been attributed to the known associations of these diseases with extended haplotypes [53] .
Mechanisms of diabetogenicity of HLA molecules
The influence of HLA molecules on diabetes susceptibility or protection can be related to their ability to present peptides to T cells. Central tolerance is the process that allows HLA molecules present self-peptides to naive T-cells in the thymus so that tolerance is developed. Inefficiency of specific HLA types to facilitate this could contribute to autoimmunity. Alternatively, or in addition to the loss of central tolerance, abnormalities of peripheral tolerance can be present, with some HLA alleles presenting specific peptides (such as islet cell peptides) to mature T lymphocytes that did not undergo negative selection. A number of investigators have advanced the hypothesis that HLA alleles associated with susceptibility to autoimmunity could be ªunstableº [54, 55, 56] . Though this hypothesis is feasible it is difficult to reconcile with the same HLA haplotypes associated with protection from diabetes and susceptibility for multiple sclerosis (e. g. DR2, DQB1*0602) or with the strong binding of insulin peptide B:9±23 to DQ8 whose crystal structure has recently been solved [57] .
Conformational properties of the HLA molecule can determine that the binding between the peptide and the T cell will never allow the peptide to be effectively presented to the T cells. Inter-ethnic group studies support the hypothesis of conformational structure influencing diabetogenicity of some HLA alleles or haplotypes. For instance, among the Japanese, the DQB1*0401 allele is usually found on DR4-DQA1*0301-DQB1*0401 haplotypes and is associated with diabetes risk [58] . The DQB1*0401 and DQB1*0402 alleles differ only by one amino acid.
Among Norwegians, the heterozygous DQA1*0301-DQB1*0302/DQA1*0401-DQB1*0402 genotype appears to be associated with type 1A diabetes. A very similar molecule could be formed among Japanese in cis (DR4-DQA1*0301-DQB1*0401) and among Norwegians in trans (DQA1*0301-DQB1*0402).
The presence of an aspartic acid at position 57 of the DQ beta chain was hypothesized to be associated with the prevention of diabetes [59] since it is present in DQA1*0102-DQB1*0602 and absent in DQB1*0302 and DQB1*0201. Similarly, the presence of an arginine at position 52 of the DQ alpha chain was believed to determine susceptibility to type 1A diabetes since it is present on the DQA1*0301-DQB1*0302 and DQA1*0501-DQB1*0201 haplotypes.
However, the high-risk haplotypes DQA1*0401-DQB1*0402 and the DQA1*0301 and DQB1*0401 alleles have an aspartic acid at position 57 of the DQ beta chain, as do the moderate-risk alleles DQB1*0301 and DQB1*0303 alleles.
Transgenic mice expressing human DQ8 with beta-cell expression of the co-stimulatory molecule B7±1 develop type 1A diabetes indicating a direct positive diabetogenic effect of DQ8 [60] . The only class II allele expressed by the NOD mouse is the diabetogenic I-Ag7 molecule. Crystal structure analysis of this molecule showed a ªnormalº class II binding cleft with a large pocket and the ability to bind multiple peptides [61] . The structure of a peptide mimotope that elicits the preferential expansion of beta-reactive T cells in NOD mice has been defined [62] . A mouse with a transgene encoding a ªdiabetogenicº T-cell receptor is protected from diabetes by multiple ªdelet-ingº class II alleles providing a mechanism for dominant protection [63] .
We suspect that class I and class II alleles influence diabetes susceptibility both by the T-cell receptors, which are being deleted centrally, and also by the specific peptides present in the periphery [64] . This hypothesis is consistent with the observation that HLA haplotypes with identical DR* and DQ* alleles have a similar effect on disease risk in different populations (e. g. Korea and USA) [65] .
Non-DQ*/DR* genes within the HLA region Non-DQ*-DR* genes within the HLA region might also have an effect on diabetes risk. Using a conditional linkage disequilibrium analysis association test, alleles of single nucleotide polymorphisms (SNPs) at the DMB and DOB genes, and microsatellite alleles of TNFc, identified approximately 40 % of DR3 haplotypes as non-predisposing in the founder population of Sardinia [66] .
The major histocompatibility complex class I chain-related (MICA) gene is located in the short arm of chromosome 6, within the HLA region (Fig. 3) . The transmission disequilibrium test was used to study transmission to patients with type 1A diabetes of polymorphisms in exon 5. A microsatellite allele consisting of six repetitions of GCT-AGC (A6) and an allele with four repetitions (A4) were analysed. The A6 polymorphism was transmitted at a lower than expected frequency and the A4 polymorphism was transmitted at a higher than expected frequency [67] .
When evaluating haplotypes of HLA alleles, the influence on diabetes risk could be provided by a combination of alleles of known class I molecules rather than by unknown ªnewº genes influencing diabetes risk. This will be particularly difficult to distinguish for what have been termed ªancestralº or ªex-tendedº HLA haplotypes such as the very conserved A1, B8, DR3, DQ2 haplotype [68, 69, 70] .
Type 1A diabetes with associated autoimmunity Individuals with type 1A diabetes are at increased risk for other diseases, particularly autoimmune disorders. Most dramatic are the autoimmune polyendocrine syndromes type 1 (APS-1) and type 2 (APS-2). In APS-1 there is a mutation in the AIRE gene encoding a protein whose structure suggests that it is a transcription factor. It has been hypothesized that AIRE protein can be critical for thymic stromal organisation and induction of self-tolerance. APS-2, also known as Schmidt's syndrome, is much more common than APS-1. APS-2 patients frequently have at least two of the three following disorders: Addison's disease, autoimmune thyroid disease, and type 1A diabetes. Other conditions that can be present include celiac disease, autoimmune hepatitis, gonadal failure, vitiligo, alopecia, pernicious anaemia, myasthenia gravis and a number of less common disorders [71] . APS-2 usually presents in early adulthood with a peak onset at 30 years of age. This syndrome is three times more common in females than males, and the female to male ratio is higher for specific disorders, e. g. Grave's disease, with a 7:1 ratio. Most of the genetic susceptibility for APS-2 is accounted for by HLA alleles [29, 72, 73, 74] . APS-2 is associated with DQA1*0501, DQB1*0201 (DQ2) [75] and because of linkage disequilibrium (non-random association), with A1, B8 and DR3 [75] . The HLA-association of the APS-2 is also found with individual disorders, such as Addison's disease and type 1A diabetes, when they appear as isolated conditions without evidence of other disorders of the syndrome [76] .
Addison's disease is a condition characterized by failure of the adrenal gland that leads to fatigue, hyperpigmentation of the skin, abdominal pain, dehydration, low blood pressure, cardiovascular shock and, if untreated, death. Autoimmune destruction of the adrenal gland is the most common cause of Addi-son's disease in developed countries, whereas infection by Mycobacterium tuberculosis is more common in other settings. Adrenal cortex autoantibodies (ACA) are found in 43 to 84 % [77, 78] of patients with idiopathic adrenal failure. The major target of ACA is the steroidogenic enzyme P450c21 (21-hydroxylase). Autoantibodies against 21-hydroxylase have been documented in over 90 % of patients with Addison's disease [79] and have not been found in non-autoimmune adrenal insufficiency and other conditions or in healthy control subjects. Approximately 1.5 % of patients with type 1A diabetes are positive for 21-hydroxylase autoantibodies.
Among patients with Addison's disease, over 80 % with DR4 have the DRB1 allele, DRB1*0404, usually in linkage disequilibrium with DR4-DQA1*0301, DQB1*0302. Approximately 30 to 50 % of the patients with Addison's disease have the genotype DRB1*0404, DQA1*0301, DQB1*0302 with DRB1*0301, DQA1*0501, DQB1*0201, which is found only in 1 out of 200 newborns in the general population (Denver, Colorado) and in 11 % of patients with type 1A diabetes without Addison's disease [80] .
Type 1A diabetes is associated with DRB1*0401, 0402 and 0404, while Addison's disease is primarily associated with DRB1*0404 [80] . Both Addison's disease and type 1A diabetes share a high risk genotype (DR3/DR4. DRB1*0404, increases the risk that an individual will develop Addison's disease and decreases modestly the risk of Type I diabetes (relative to DRB1*0401). Approximately 1 out of 20 patients with DR3±4, DQ2-DQ8 and type 1A diabetes have anti-adrenal 21-hydroxylase (e. g. 10/208) autoantibodies [81] compared to less than 0.5 % of patients with type 1A diabetes who have neither DQ8 nor DQ2. Among 21-hydroxylase autoantibody positive diabetic patients with DQA1*0301-DQB1*0302, 80 % (12/ 15) of patients with DRB1*0404 had Addison's disease in contrast to 10 % (1/10) of 21-hydroxylase autoantibody-positive patients who had other DRB1 alleles (DRB1*0401 or DRB1*0402) [80] .
Patients with type 1A diabetes also have an increased risk of celiac disease. This is an autoimmune disorder associated with characteristic intestinal lesions that occur with the ingestion of gliadin, a glutamine-rich protein present in wheat, rye and barley. Typically the lesions disappear rapidly when this protein is removed from the diet. This disorder occurs in 0.5 to 1 % of children from the general population as documented in studies from Europe and in the United States DAISY study. In the DAISY study infants were followed from birth for the development of transglutaminase autoantibodies and then biopsied to diagnose celiac disease if autoantibodies were present. Transglutaminase autoantibodies are highly predictive of celiac disease, with most patients (13/ 13) with an index greater than 0.7 having a positive intestinal biopsy [82] . Celiac disease is strongly associated with the DQA1*0501-DQB1*0201 (DQ2) haplotype. This heterodimer can be encoded in either cis, usually with a DR3 haplotype, or in trans, with DR7-DQA1*0201-DQB1*0201 on one chromosome and DR5-DQA1*0501-DQB1*0301 on the other chromosome [83] . Approximately 1 out of 3 patients with type 1A diabetes who are DQ2 homozygous express transglutaminase autoantibodies, and half of these have celiac disease on biopsy [82] . In a group of asymptomatic children screened because of a genetic risk (such as a family history of Type I diabetes or high-risk HLA types), transglutaminase antibodies had a positive predictive value of 70 % to 83 % for celiac disease evident on biopsy [83] .
Stiff-man syndrome (SMS) is a rare neurologic disorder characterized by rigidity of the body musculature, with spasms triggered by sensory or emotional stimuli, with a characteristic electromyography pattern. Autoantibodies against glutamic acid decarboxylase (GAD) are found in the serum and cerebrospinal fluid of 60 % of patients with SMS. SMS is also associated with the haplotype DR3, DQA1*0501,DQB1*0201 [84] .
IDDM2: insulin gene
The IDDM2 locus, on chromosome 11p15, includes a variable number of tandem repeats (VNTR) minisatellite 5' of the insulin gene. Polymorphisms in this non-coding region of the insulin gene (INS) are associated with the risk of diabetes and influence thymic insulin messenger RNA [85, 86, 87] . There are three main types of the insulin VNTR defined by their size: class I (26±63 repeats), class II (approximately 80 repeats) and class III (140±200 repeats). Each one of them can be further divided based on the number of repeats and sequence.
The presence of ªperipheral antigen expressing cellsº within the thymus have been described [88, 89] . Allelic variation in the size of the insulin VNTR correlates with the expression of insulin in the pancreas and thymus and with placental expression of insulin growth factor-2 gene (IGF-2), which is downstream from the insulin gene [90] .
Homozygosity for class I alleles is associated with high risk for diabetes, whereas class III alleles confer dominant protection. Class III alleles are associated with higher expression of insulin messenger RNA within the thymus, and insulin with thymic transcription activity correlate inversely with susceptibility in humans and in transgenic models [91] . These findings support the hypothesis that genetically-determined differences in the expression of self-antigens in the thymus could influence susceptibility to autoimmunity. High concentration of thymic insulin might lead to negative selection (deletion) of autoreactive T cells bearing a TCR that is directed against self-anti-gens and thus to the development of tolerance. Alternatively, higher expression could favour the development of insulin-peptide-responsive T regulatory cells.
The IA-2 islet autoantigen was identified as an ªin-sulinoma-associated tyrosine phosphatase-like proteinº and from screening islet libraries with autoantibodies [islet cell antigen 512 (ICA 512)]. Islets express full-length mRNA for IA-2 and two alternatively spliced transcripts, whereas thymus and spleen exclusively express an alternatively spliced transcript lacking exon 13. Exon 13 encodes the transmembrane and juxta-membrane domains of IA-2. Thus, tolerance cannot be achieved for the IA-2 epitopes expressed in islets but not in lymphoid organs [92] . A novel subset of peripheral antigen-expressing cells which synthesize (pro)insulin, GAD and IA-2 has been described [93] . These cells are found in the thymic medulla, spleen and lymph nodes, and can be surrounded by apoptotic lymphocytes. Therefore, they might play a role in the deletion of self-reactive lymphocytes.
A parent-of-origin effect has been described for IDDM2, with alleles being protective when paternally inherited [94, 95] . Imprinted paternal expression of INS in the human yolk sac has been described [90] .
IDDM3 to IDDM18
Multiple loci, in addition to HLA and the insulin gene, have been associated with the risk of diabetes. Most of the additional loci were discovered by analysis of sibling pairs with Type I diabetes. Some of these loci were reported in a single population and could not be confirmed outside of it. Putative IDDM loci with their chromosomal localization and candidate genes in that region are summarized (Table 2 ). For some of these loci, such as D2S137 or D14S67, the association seems to be stronger in patients lacking the high risk HLA alleles, DQ2 or DQ8 [96, 97] . Some studies have found that age of diagnosis, sex of affected subjects, and parental origin of shared alleles modify the influence of loci on diabetes risk [98, 99] . Studies of the IDDM12 locus (CTLA-4 associated) illustrate the heterogeneity of disease associations and IDDM17 identification of the locus by studying a single unique family.
IDDM12: cytotoxic T lymphocyte-associated antigen (CTLA-4)
The cytotoxic T lymphocyte-associated antigen (CTLA-4) gene, on chromosome 2q33, encodes a receptor expressed by activated T cells. CTLA-4 binds B7 molecules and limits the proliferative response of activated T cells, some of which could be autoreactive. Mutations or polymorphisms leading to altered activity of CTLA-4 are believed to play an important role in the risk for developing autoimmunity. CTLA-4 gene polymorphisms have been associated with component disorders of the autoimmune polyglandular syndrome type 2 (e. g. Hashimoto's thyroiditis [118] , Addison's disease [118] , celiac disease [119] , type 1A diabetes [111] , and Graves' disease, [111] .
In type 1A diabetes, the effect of IDDM12 seems to be independent of HLA alleles or the insulin gene VNTR I/I risk genotype [120] . A A/G polymorphism in the first exon in CTLA4 results in an amino acid change (Thr/Ala). The presence of an alanine on codon 17 of CTLA4 has been associated with susceptibility to type 1A diabetes, autoimmune thyroid disease and primary biliary cirrhosis [121] but not with Type II (non-insulin-dependent) diabetes mellitus [122] .
CD28 is another candidate gene in the IDDM12 region. However, transmission disequilibrium test (TDT) analyses in a multiethnic population did not show an association with CD28 [123] .
Ethnic heterogeneity of the effect of IDDM12 on type 1A diabetes risk has been observed. IDDM12 -has a strong effect in three Mediterranean-European populations (Italian, Spanish and French), the Mexican-American population and the Korean population, a weak transmission deviation in the Caucasian-North American, and no deviation in the British, Sardinian and Chinese populations [112] . A study in a Danish population found no association between IDDM12 and risk for type 1A diabetes [124] . The polymorphic (AT)n microsatellite in the 3' untranslated sequence of the CTLA-4 gene was reported to represent a recessive risk factor for type 1A diabetes in Swedish patients [125] . In a Russian population, the 17 allele of the human cytotoxic T lymphocyte-associated antigen-4 (CTLA4) gene was associated with diabetes, whereas the 20 and 26 alleles were protective [126, 124] . There was no evidence that the CTLA-4 exon 1 polymorphism (49 A-G) confers genetic susceptibility to type 1A diabetes mellitus in a case-control study on 117 Japanese subjects. The frequency of positive antibodies to GAD was higher in GG subjects, raising the question as to whether CTLA-4 polymorphisms contribute to the heterogeneity of type 1A diabetes mellitus in Japanese subjects [127] . These differences between populations and the relatively small effects in ªpositiveº studies limit the utility of CTLA-4 analysis.
IDDM17
The diabetes susceptibility locus (IDDM17) was mapped by genetic linkage analysis in a Bedouin Arab family with 21 patients with type 1A diabetes (Fig. 4) . IDDM17 maps to the long arm of chromosome 10 (10q25; non-parametric linkage = 4.99, p = 0.00 004) and is associated with a 151 bp allele at the microsatellite marker D10S554. Relatives in the family with HLA DR3 or DR4 plus IDDM17 have a diabetes risk of 40 % [116] .
Recently, we identified 107 single nucleotide polymorphisms (SNPs) within 100 kb on either side of D10S554. These SNPs were genotyped in a set of 45 families in the United States [Human Biologic Disease Interchange (HBDI) families] that were segregating the 151-bp allele at D10S554. In a subset of families the haplotypes that were transmitted to diabetic offspring showed remarkable similarity to the high risk haplotype (designated the`B' haplotype) found in the Bedouin Arab family [128] . With the sequence information provided by the genome project it is now possible to create detailed maps of hundreds of thousands of contiguous base pairs. Extended haplotypes should aid identification of disease related loci but can increase the difficulty of pinpointing individual ªcausativeº polymorphisms, with multiple alleles in the block associated with disease.
Other genes and loci
Publication of the analysis of a relatively large ( > 700 families) combined series of families from the United States (HBDI) and British Diabetes Association (BDA) family collections is now available. Even this series is probably too small to provide definitive information for many loci beyond the clear confirmation of the HLA (LOD score 65) and insulin locus (LOD score 4.28). Three previously reported ªiddmº loci had a LOD score greater than 2 [iddm 10 (LOD = 2.8), iddm7 (LOD = 2.6) and iddm 15 [107] (LOD = 2.36)] with two additional new loci implicated (16q22±24 and 1q52) [107] . Only the 16q22±24 locus had a LOD score (3.93) in the significant (LOD > 3.6, p < 2.2*10 ±5 ) rather than the suggestive range (LOD > 2.2, p < 7.4*10 ±4 ). IDDM18 is located near the gene encoding the p40 subunit of interleukin-12 (IL-12 p40 gene) and IL-12 was implicated in the pathogenesis of type 1A diabetes in the NOD mouse. A significant bias in transmission has been observed for different 3' UTR alleles in affected pairs of siblings, and in an independent cohort of simplex families. The IL12B 3' UTR alleles showed different rates of expression in cell lines [117] . A number of other studies are apparently evaluating this region without finding the same association. Replication of a putative locus theoretically requires more families than the initial study to have sufficient power, but it is hoped that negative studies, if available, will be published so that the sum of information from multiple studies can be compared.
A SNP allele in the interleukine1-type 1 receptor (IL1R1) apparently leads to low plasma concentrations of IL-1-R1 and was reported to be associated with type 1A diabetes [129] . In Japanese patients, but not in Italian patients, an Arg140Trp mutation has been identified in the CD38 gene, which is a non-lineage pleiotropic cell surface receptor. Antibodies to CD38 have been detected in serum in 19 % of patients with type 1A diabetes and 16.7 % with Type II diabetics [130] . Polymorphisms in the promoter region of the LRP5 gene have been associated with type 1A diabetes. LRP5 is a member of the low-density lipoprotein receptor family that is expressed in cells of the mononuclear-phagocyte system, the islets of Langerhans, vitamin A-metabolising cells, and CNS neurons [131] . Vitamin D receptor polymorphisms have been associated with risk for type 1A diabetes in several populations [132, 133, 134, 135] .
Developing approaches to identifying contributing genes
The difficulty of conclusively identifying polymorphisms of specific genes influencing diabetes risk in the majority of patients with type 1A in humans and mice attests to the likely importance of novel approaches. The genome project provides important new information and a detailed scaffold for searching for relevant regions and genes. Recent papers [136, 137] , concerning inflammatory bowel disease illustrates one approach. Multiple haplotypes defined by contiguous identical alleles of single nucleotide polymorphisms can be used to subdivide extended regions of the genome. Often the majority of chromosomes within a population have only one to three dominant haplotypes, and disease susceptibility can be associated with an extended region defined by one or more haplotypes. Most polymorphisms within a given haploty- pic region are thus associated with disease. In some instances such haplotypes will limit the ability to pinpoint any single gene contributing to disease but in other instances they can help define better the region of interest. Another approach will be the use of methods that allow the analysis of thousands of genes and their proteins (proteomics) to define pathways or specific genes contributing to disease [138, 139, 140, 141] . For instance the function of the scurfy protein and XPID gene are not yet known but investigators can apply the above techniques to define a series of genes whose messenger RNA or proteins influence disease.
ªMonogenicº diabetes syndromes
There are two syndromes that include immune-mediated diabetes and that have a known major gene responsible for their aetiology. Although the aetiology of sporadic type 1A diabetes is probably oligo or polygenic, the study of these monogenic syndromes can clarify the mechanisms and pathways that lead to the loss of self-tolerance in immune-mediated diabetes.
Autoimmune polyendocrine syndrome type 1 (APS-1). The autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) syndrome, also known as autoimmune polyendocrine syndrome type 1 (APS-1), has a monogenic autosomal recessive inheritance pattern. It is a rare condition, with a reported prevalence ranging between 1:80 000 in Norway [142] to 1:14 000 in Sardinia [143] . APS-1 is characterized by multiple autoimmune endocrinopathies, chronic mucocutaneous candidiasis and ectodermal dystrophies. [144] To diagnose this syndrome at least two of the three following disorders are required: primary hypoparathyroidism, Addison's disease and chronic mucocutaneous candidiasis. Other immune disorders also common among patients with APS-1 are type 1A diabetes, autoimmune hepatitis, vitiligo, alopecia, ovarian failure, and lymphocytic hypophysitis. APS-1 typically presents in childhood and additional autoimmune manifestations evolve throughout life. Immunosuppressive therapy has been advocated for severe cases [145] . This syndrome shows a penetrance of 100 %, a 1:1 male to female ratio and it is not associated with HLA, as opposed to most autoimmune diseases and syndromes where the penetrance is usually variable, there is higher female to male ratio and there is an HLA-association. A negative association (protection) between the DQB1*0602 allele and type 1A diabetes has been recently reported in a Finnish series of patients with APS-1, suggesting that this allele is protective for type 1A diabetes in both its sporadic form and within the APECED syndrome [146] .
Organ-specific autoantibodies associated with each of these disorders are usually seen before the clinical onset of the disease. The positive predictive value of certain autoantibodies in relation to the specific disease, however, could be lower in patients with APS-1 than for example among relatives of patients with type 1A diabetes. GAD anti-islet autoantibodies (as isolated autoantibody) in individuals with this syndrome is a common finding and does not predict a high risk of progression to diabetes [147] whereas individuals with ICA512 (IA-2) autoantibodies more frequently progress to diabetes.
The gene causing APS-1 was isolated by positional cloning by two independent groups [148, 149] This gene is called autoimmune regulator (AIRE-1) and it maps to chromosome 21. Over 31 different mutations in the AIRE-1 gene have been described. The most frequent mutations are a 13-bp deletion in exon 8 (1085±1097 del) among Norwegian patients [142] ; a Arg257Stop mutation among Finnish; R139X in Sardinia [143] ; R257X in Northern Italy; 1096±1097insCCTG, 1094±1106del, R203X and X546C [150] ; 1094±1106del and R257 in an ethnically mixed population in North America [151] ; a 13-bp deletion (964del13) mutation in Britain [152] ; a missense mutation (Pro326Leu) in a large French family [153] . To date, no correlation has been found between specific mutations and variation in clinical phenotype. The AIRE gene encodes a 545-aminoacid protein with two putative PHD zinc fingers, a proline-rich region, and three LXXLL motifs. A nuclear localization signal, an ªASSº domain and a putative DNA-binding ªSANDº domain suggest that the AIRE protein is a transcription factor [154] . Indeed, it has been shown that AIRE fused to a heterologous DNA binding domain to activate transcription. The same authors showed that the common transcriptional co-activator CREB-binding protein (CBP) interacted with AIRE in vitro and in yeast nuclei. [154] The AIRE protein is mainly localized to nuclear dot-like structures and at least in transfected cells, to cytoskeletal filaments. Mutated AIRE has an altered subcellular location in cultured cells [155] . The wild-type APS-1 protein tethered to the Gal4 DNA-binding domain acted as a strong transcriptional activator of reporter genes in mammalian cells, whereas most of the analysed mutant polypeptides had lost this capacity [156] . Human AIRE is expressed in the medullar epithelial cells and monocyte-dendritic cells of the thymus with lower expression in the spleen, foetal liver, and lymph node paracortex and medulla. The AIRE protein was not found in target organs of autoimmune destruction [157] . In adult mice, however, AIRE expression was found in bone marrow, kidney, testis, adrenal gland, liver and ovary [158, 159] . The human and mouse AIRE promoters have conserved sites for several thymus-specific transcription factors consistent with its expression in rare cells of the thy-mus medulla, lymph nodes, and foetal liver. Immunofluorescence labelling of peripheral blood mononuclear leukocytes also showed a nuclear body-like staining pattern in a fraction of these cells [160] . The predicted human and mouse proteins are 71 % identical [161, 162] . The mouse AIRE gene, on chromosome 10, has been cloned [163, 161] and has 11 alternative splice variants [159] . The mouse AIRE protein (designated`aire') is absent in the thymus of RelB-deficient mouse and has an abnormal morphology in the thymus of the NOD mouse [164] . Of interest, during early development in mice, thymic AIRE transcription is critically dependent on RelB and occurs in epithelial cells in response to lymphocyte-mediated signals. In adult tissue AIRE expression is confined to the medulla and the cortico-medullar junction, where it is modulated by thymocytes undergoing negative selection. It has been proposed that AIRE could determine thymic stromal organisation and with it the induction of self-tolerance [165] . These observations, together with the findings of insulin production by macrophage-dendritic cells within the thymus and lymphoid organs could underlie insulin gene polymorphisms influencing diabetes risk.
Mutations in AIRE-1 have not been implicated in APS-2 or in sporadic autoimmune disease [166] . Heterozygous (one-allele) mutations in AIRE-1 have been reported in parents of patients with APS-1, patients with sporadic Addison's disease, autoimmune thyroiditis or ovarian failure, and also in control subjects [167, 166, 168] . Heterozygous mutations in AIRE-1 are not more frequent in patients with isolated autoimmune disease compared to healthy control subjects and therefore AIRE-1 does not seem to be a susceptibility locus for sporadic autoimmune disease [169, 170, 171] .
XPID/XLAAD. A syndrome affecting males only with diabetes mellitus, thyroiditis, diarrhoea, haemolytic anaemia, eczematoid rashes, immunodeficiency and death during infancy was first described in 1982 [172] . This syndrome is known by various names, including X-linked autoimmunity-allergic disregulation syndrome (XLAAD), X-linked polyendocrinopathy, immune dysfunction, and diarrhoea (XPID) or Xlinked autoimmunity-immunodeficiency syndrome (XLAID). It is an X-linked recessive immunological disorder characterized by early-onset type 1A diabetes and severe atopy, including eczema, food allergy, and eosinophilic inflammation. Patients can also have autoimmune thyroiditis, haemolytic anaemia, chronic autoimmune diarrhoea, failure to thrive, recurrent infections, increased IgE concentrations and eosinophilia. The cause of the associated immunodeficiency is not clear and leukocyte count, lymphocyte subsets and T-cell proliferation tests are usually normal. T lymphocytes in these patients have a cytokine profile markedly skewed toward a Th2 phenotype (high concentration of IL-4, IL-5 and IL-13, low concentration of IFN-gamma) [173, 174] . Several mutations in JM2, a gene in the pericentromeric region of the X chromosome (Xp11.23-Xq13.3) have been described in patients with XPID [175, 173, 176] (Fig. 5) . This interval also harbours the gene for Wiskott Aldrich syndrome but mutations in the Wiskott Aldrich protein (WASP) gene have not been found in patients with XPID [175, 177] . The predicted wild-type protein, named scurfin or Foxp3, contains a winged helix [fork head homology domain (FKH)] motif at the carboxy terminus, a C2H2 zinc finger domain (Zn) and a 3-heptad Zip motif upstream of the FKH, suggesting that this protein functions as a transcription factor. Mutation of the same gene in mice produces ªScurfyº. Scurfy is associated with hypergammaglobulinaemia, low platelet and erythrocyte counts, and mice die from wasting syndrome secondary to overproduction of cytokines. Scurfy resembles WiskottAldrich syndrome in humans [178] . Both central (thymic) and peripheral tolerance are defective in Scurfy mice [179] . Bone marrow transplantation cures mice with the Scurfy mutation and given the severity of the disease it has been tried in humans [180] . A single child with the disease developed mixed chimerism and the disease remitted for 2 years after bone marrow transplantation but unfortunately the patient eventually succumbed to a poorly characterized haematological disorder.
Conclusion
Anti-islet autoantibodies, insulitis, and immunemediated diabetes occur spontaneously or can be induced in multiple strains of rats and mice, and occur in humans with monogenic disorders of immune function or individuals with specific but relatively common HLA genotypes. Thus both the genetic factors and environmental determinants leading to type 1A diabetes are relatively common. Studies of children followed from birth (e. g. DAISY and BabyDiab) indicate that relatives of patients can be identified with HLA typing with a risk exceeding 25 % of progressing to anti-islet autoimmunity and then diabetes. The current ability to define high genetic risk should aid in the search for contributing environmental factors. It is clear that type 1A diabetes is heterogeneous and this heterogeneity will complicate efforts to improve genetic prediction given the dominant influence of HLA alleles. Nevertheless there are likely to be common immunologic pathways underlying disease risk, the discovery of which will facilitate development of rationale therapies for the prevention of this increasingly common disorder.
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